The features of the correlation method used in time-of-flight spectrometry of ultracold neutrons are analyzed. The time-of-flight spectrometer for the energy range of ultracold neutrons is described, and results of its testing by measuring spectra of neutrons passing through interference filters are presented. However, at available low intensities, the statistical accuracy of measurements is improved using special methods, e.g., the correlation method discussed in this paper.
At the initial stages of investigations with UCNs, the neutron fluxes were extremely low, and, sometimes, the neutron background under the experimental conditions was high. This required that the correlation method be used in UCN TOF spectrometry, since it offers a chance to overcome these difficulties. Let us briefly consider the basic principles of the correlation TOF spectrometry.
This method implies that a chopper opens n times during beam modulation period T rather than once, as is the case of the classical TOF method. As a result, the effective particle flux incident on the detector increases n times, whereas the background level remains constant. The chopper modulates the particle beam according to the law
where g(t) describes beam modulation by a single-slit chopper, and N is the number of elementary intervals with duration ∆T in the period of sequence T = N ∆T . For the standard chopper,
and, for the correlation method, a i is the binary sequence of zeros and ones. If channel width of the time analyzer δτ is equal to elementary interval ∆T , the number of neutrons detected in the k-th channel is
where f i is the TOF spectrum corresponding to the i-th channel of the analyzer, and u k is the mean background level in the channel. In the matrix form, this equation is
where Z is the N -dimensional vector, the elements of which are counts z k in the analyzer channels; F and U are the vectors of the TOF spectrum and background, respectively; and A is the cyclic matrix N × N , the rows of which have been obtained by cyclic permutation of sequence a i . For the standard chopper, matrix A transforms into unit matrix I. From the last two expressions, it follows that the TOF spectrum (at detA = 0) is
where
If the width of all analyzer channels is uniform, the background is independent of the channel number (i.e., u i = u), therefore,
Equation (6) leads to the system of linear equations
Solving these equations, we determine the b i values. Therefore, Eqs. (5) and (7) allow us to obtain TOF distribution F from distribution Z recorded by the analyzer. The variance of distribution F can be determined from Eq. (7) using the Poisson distribution,
Binary sequence a i is selected so that function (9) has an absolute minimum. In the general form, this problem was solved in [13] using the procedures of the theory of optimization; the classes of quasi-random binary sequences were found, so that they satisfied condition (9)
where m is an integer, and n = N −1 i=0 a i is the number of unities in sequence a i and, therefore, the number of open windows in the correlation chopper. Quantity c = (n − 1)/(N − 1) characterizes the operational cycle of this sequence. From Eqs. (7) and (8), it follows that, according to [14] ,
This formula shows that the time-independent background decreases n times. Apart from the useful signal presented by the first term in the right part of Eq. (11), the information in the k-th channel contains an additional background term (the second term) proportional to the total useful signal. Gain γ of the correlation TOF method in comparison with the conventional method is equal to the ratio of the measurement times needed in either method to ensure the same statistical accuracy and the same resolution:
corr . At γ > 1, the correlation chopper is more advantageous. Pseudorandom maximum-length sequences [15] with N = 2 p − 1 (p is an integer, n = (N + 1)/2 = 2 p−1 c = 1/2) are most frequently used in the correlation method to modulate the particle flux. Therefore,
In [9] , it was shown that, in practice, for the true f k spectrum to be reconstructed, it was profitable to use pseudorandom binary sequence a i = 2a i − 1 ≡ ±1, satisfying the conditions
In this case, the second term disappears in Eq. (11) , and
From Eq. (14), it follows that data z i stored in all the analyzer channels are used to obtain an individual point in spectrum f k . Therefore, variance σ 2 (f k ) for the spectrum under investigation will be the same for all spectrum points, being determined by the sum of counts in all channels
For the k-th analyzer channel, the gain is [14] 
i=0 f i is the mean value of the TOF spectrum and σ 2 (u k ) is the variance of the background measurement in the k-th channel.
In measurements of the UCN spectra, the background is independent of the channel number (stationary neutron sources are used), and the condition σ 2 (u k ) u k is usually satisfied, since averaging of the background reduces its variance. From Eq. (16), we obtain that
As a result, the gain depends on the shape and total area of the distribution, the background level, and relative transmission of the chopper n/N . At a low background, the use of the correlation analysis is advantageous for those parts of the spectrum where the sum of the useful signal and the background (f k + u) is at least twofold higher than the mean counting over the whole recorded spectrum. In addition, the correlation method is undoubtedly advantageous at a suppressing background.
DESIGN OF THE UCN CORRELATION SPECTROMETER
Two spectrometers -small and large -were produced to measure UCN spectra; they had 42-and 160-cm-diameter choppers, respectively.
The schematic diagram of the larger spectrometer is shown in Fig were described in [16, 17] . The presence of a neutron guide tube in the flight path inevitably results in a fraction of neutrons being nonspecularly reflected from the surface, thus distorting the measured spectrum. Therefore, short neutron guide tubes (20-50 cm long) were used in the majority of measurements. If the neutron guide tube is 50 cm long, the elementary interval in the modulating sequence is 1 ms, and the neutron energy is 100 neV, the energy resolution is 2 neV.
The other important factor in UCN TOF spectrometry is the reflection of neutrons from the detector surface and accumulation of neutrons vagabonding between the detector and the chopper in the neutron guide tube. This also leads to distortions in the spectrum. At the end of flight path 17, there is an all-wave UCN detector, described in [18] , with a rotating disk 420 mm in diameter with a corrugated paraterphenyl scintillator and a 6 LiF radiator 700 µg/cm 2 thick evaporated onto it. Such a detector does not reflect neutrons [18] .
The spectrometer was pumped via branch pipe 5 by an independent system consisting of a backing pump, three absorption zeolite pumps, and a NORD-250 ion pump. During the measurements, the vacuum inside the spectrometer was ∼ 5 × 10 −4 Pa. The spectrometer and the pumping system are placed on a cart, which is capable of moving the spectrometer over the experimental area and in a vertical plane.
The detector signals arrived at the input of the system of data acquisition and processing, which was made to the CAMAC standard [19] . Operation of this system was controlled from a microprocessor-based crate controller. Following the preset program, the system performed acquisition of primary spectra, calculation of the correlation function according to Eq. (14), and typing out of the results. The 127-channel time-to-digital converter was triggered once in a cycle by the start pulses from the chopper. These pulses were used to measure the revolution period of the chopper and monitor its stability.
A small spectrometer with an entrance window of 5×50 mm 2 was used to develop and test the experimental procedure. Its electric drive was similar to the above-described one. The glass neutron guide tubes had an inner cross section of 25×50 mm 2 .
RESOLUTION FUNCTION OF THE UCN CORRELATION SPECTROMETER
The resolution function of the correlation spectrometer is defined in [9] as
s(t) is the transmission function of the chopper for a UCN flux, and a i is the pseudorandom binary sequence of numbers that satisfies conditions (14) and is used to reconstruct TOF spectrum f k .
If the spectrometer's entrance window is shaped as a narrow radial slit, s(t) is presented by a sequence of rectangles with elementary interval ∆T , and the resolution function is shaped as a rectangular peak with width ∆T on a zero pedestal. When the beam has a width of the chopper's elementary interval, s(t) is presented by alternating triangles and trapezoids, which causes the resolution to deteriorate twofold [14] .
The resolution function of the actual correlation TOF spectrometer may differ from the ideal case for a number of reasons. This is usually displayed by a deformation of its main peak, appearance of ghost peaks, and modulation of the remaining spectrum. In our case, this results, e.g., from the instability of the choppers period of revolution, the finite thickness of its plates, and the inaccuracy in their production and mounting on the disk.
Let us consider the effect of each factor on the spectrometer resolution function. The inevitable instability of the chopper speed results in a phase shift between the analyzer scan and the modulating sequence. In the classical TOF spectrometer, this leads only to deterioration of the resolution and, in the correlation spectrometer, gives rise to ghost peaks. This fact is particularly important for the described spectrometer design, since, due to the presence of the magnetic clutch, stabilization of the motor speed fails to ensure the appropriate stability of the chopper speed. Therefore, the time-to-digital converter of the time analyzer is equipped with a system for tuning the analyzer channel width (and, hence, its scanning period) to the choppers period of revolution. 6 The resolution function was calculated for the case of the worst mismatch over the period (0.1 of the channel width). The results are presented in Fig. 2a . The calculated mismatch gives rise to additional counts in all analyzer channels, which do not exceed in each channel a value of 1.4% of the main peak area. In addition, a 5% fraction of the peak intensity was swapped from the last channel to the first; however, this swap affected the measured spectra only slightly. In reality, the mismatch of the chopper and analyzer periods is considerably lower than the value used in the calculation (this mismatch was checked in the measurements).
The workmanship of the chopper is the other factor affecting the resolution function. It results in a spread in the width of the windows in comparison with the ideal case and distorts the resolution function. It is reasonable to assume that, when the chopper is manufactured, the boundary of each window randomly departs from the ideal position. 
where Φ 0 and Φ w are the fluxes of neutrons passing through a single window when the chopper is at rest and moves with velocity w, respectively.
Coefficient α depends on the type of the sequence element next to the given window, it is equal to zero or unity if the next element is a slit or a crossbar, respectively. Since, the chopper has only one window in the case of standard TOF spectrometry, α=1 and spectrum distortion is reduced only to its multiplication by term ϕ(v), which is not very important in relative measurements. In the correlation chopper, there are (N +1)/2 windows located irregularly (pseudorandomly); therefore, α can take on values 0 and 1, which causes deformation of the resolution function.
The distortions in the spectra produced thereby were considered in [14] . For the described correlation spectrometer, the TOF spectra of monoenergetic neutrons with velocities of 2, 3, 4, and 6 m/s were numerically simulated at a flight path of 20 cm, ∆τ = 1 ms, and chopper thicknesses of 0.1, 0.2, and 0.8 mm. From histograms shown in Fig. 3 , it is apparent that each spectrum peak 7 is deformed and accompanied by two groups of false components. One of them is located on each side of the main peak and worsens the spectrometer resolution only slightly. The other, which has a negative amplitude, is located 8 channels to the left, and causes distortions in the spectrum.
Since the peak amplitude increases significantly with an increase in the chopper thickness and a decrease in the neutron velocity, it is apparent that the chopper plates must have the minimum thickness. In our case (the plate thickness is 0.1 mm) with the neutron velocity as low as 1 m/s, the negative spike makes 5% of the main peak. At a known dependence of the chopper transmittance on neutron velocity v, there exists a correcting algorithm for taking into account the effect of the chopper thickness. For N = 127, it assumes the form [14] 
where (v) is the term dependent on the chopper thickness, its linear velocity, and neutron velocity v; f k and f k are the measured and corrected spectra, respectively.
Actual resolution function R k and modulation of particle flux s * j were experimentally determined using an alpha-source placed in front of the chopper and simulating neutrons with an infinite velocity. Such measurements took into account all above-described distortions of the resolution It is apparent that the maximum deviation of R k from the zero level does not exceed 1 and 3% of the main peak, respectively. The results of our simulations and measurements, as well as the preliminary analysis according to (15) - (17), show that the correlation method is generally disadvantageous in studying weak effects against background of stronger ones. It is applicable in investigations of intense peaks, as well as in spectrum measurements at a low neutron flux intensity and a relatively high level of noncorrelated background, which are exactly the conditions for which the spectrometer has been designed.
UCN TRANSMISSION THROUGH INTERFERENCE FILTERS
In order to test the spectrometer efficiency and experimentally ascertain the advantages of the correlation TOF spectrometry method, we measured the UCN transmission through interference filters, with which it was possible to form narrow resonance lines in the neutron spectrum.
The interference effects, which are well-known optical phenomena, appear in layered systems and manifest themselves in the resonance character of the dependence of the light-transmission factor on the wavelength. It is apparent that similar effects can be observed in neutron optics.
Interference filters for neutrons were described in [20, 21] . The filter in [21] was based on the well-known quantum-mechanical example of particles transmission through a system of two potential humps [22] . In this case, quasi-stationary states corresponding to the resonance character of UCN transmission through a filter composed of alternating thin layers of substances with different heights of the potential barrier for neutrons may exist in the space between the humps. The operation of such a filter was described for the first time in [23] . A gravity diffractometer [24] was used in this study for spectrometry measurements.
Our filters were produced by sequential vacuum deposition of copper and aluminum layers on polished silicon wafers. The spectra of UCNs passed through the filter are shown in Figs. 5a and 5b. Using the least squares method, we determined that, with due account of the spectrometer resolution function, the best spectrum representation was attained at the Gaussian distribution of the middle layer thicknesses with variances of 42 and 28Å. The widths of the resonance levels were 8, 15, and 18 neV for levels with energies of 107, 122, and 148 neV, respectively.
The measured transmission of the interference filters has demonstrated the advantages of the correlation TOF spectrometer over the standard one and the other spectrometer types in recording spectra of very slow neutrons with a resonance structure. Ten days were spent in [23] on measurement of a single spectrum with the gravity diffractometer [24] at an incident UCN intensity of ∼5 neutrons/(cm 2 s) (which was close to the UCN flux in our study) and a filter area of 200 cm 2 ; in this case, the statistical accuracy obtained in the peak was 10%. The time it took to attain the same accuracy in our measurements was 1/20 of this value when the small spectrometer and a 2.5-cm 2 filter were used and only 2 h for the larger chopper and a 4×4 cm 2 filter. Therefore, the efficiency of our spectrometer was at least two orders of magnitude higher than that of the spectrometer in
On the other hand, there is a significant gain in comparison with the standard TOF method:
according to Eq. (17), the correlation method has benefits practically in all points of the peaks under conditions of a low background level (at a signal-to-noise ratio of ∼4). The gain in the data acquisition time at a fixed statistical accuracy in the peak maxima was 5-10 and even greater when the background exceeded the useful signal by a factor of 4.
The described here spectrometers were constructed [25] at the early time of investigations in the UCN field, when neutron fluxes were very low -several neutrons/(cm 2 s. They have been used in a number of experiments: in the measurement of the UCN absorption coefficient at subbarrier reflection from the potential wall [26] , in the demonstration of "metallic reflection" of neutrons from the surface with large absorption cross secton [27] .
The correlation type spectrometer with thin-film ferromagnetic chopper [28] is described in [29] . 
